Hybridization and/or introgression play a key role in the evolutionary history of animal species. 43 It is commonly observed in several orders in wild birds. The domestic chicken Gallus gallus 44
Sampling, genetic structure and diversity 114
We analysed 87 whole genome sequences from domestic chickens (n = 53), Red junglefowls 115 (Red (n = 6) and Javanese red (n = 3)), Grey junglefowl (n = 3), Ceylon junglefowl (n = 8), 116 and Green junglefowl (n = 12)) and common Pheasant (n = 2)). Our dataset was made up of 117 newly-sequenced genomes at an average depth of 30X, together with publicly available 118 sequence data, which ranged from 8X to 14X. Across all the 87 genomes, a total of 91, 053,192 119 autosomal single nucleotide polymorphisms (SNPs) were called with more than 50% of the 120 polymorphisms found in common Pheasant ( Supplementary Table S1 ). Summary statistics for 121 read mapping and genotyping are provided in Supplementary Table S1 . 122
To understand the genetic structure and diversity of the four Gallus species, we ran principal 123 component (PC) and admixture analyses based on the autosomal SNPs filtered from linkage 124 disequilibrium. PC1 clearly separated the Green junglefowl from the other Gallus sp, while 125 PC2 distinguished Red, Grey and Ceylon junglefowls as well as slightly the Javanese red 126 junglefowl subspecies from the other Red junglefowl (Fig. 1B) , with the Grey and Ceylon 127 junglefowls being positioned closer to each other than to any other junglefowls. The admixture 128 analysis recapitulates these findings, providing some evidence for shared ancestry between the 129
Red and Grey junglefowls at K = 3, but at the optimal K = 5 the ancestry of each junglefowl 130 species is distinct (Fig. 1C) . 131
Detecting the true Gallus species phylogeny 132
We constructed a neighbour-joining tree and a NeighorNet network using autosomal sequences 133 of 860,377 SNPs filtered to sites separated by at least 1 kb from the total 91 Million SNPs and 134 a maximum likelihood tree on 1,849,580 exon SNPs extracted from the entire autosomal 135
whole-genome SNPs. The trees were rooted with the common Pheasant as an outgroup (Fig. 136 2A and 2B; Supplementary Fig. S1A ). Our results show that Grey and Ceylon junglefowls are 137 sister species and form a clade that is sister to the clade of Javanese red junglefowl, Red 138 junglefowl, and domestic chicken, with the latter two being paraphyletic. Green junglefowl is 139 outside of this clade, making it the most divergent junglefowl species. We also observe the 140 same relationships for the Z chromosome as well as for the mitochondrial (mt) genome (Fig. 141 2C and 2D). However, the latter show that the Grey junglefowl samples in this study do carry 142 a domestic/red junglefowl mitochondrial haplotype. All the trees show the Javanese red 143 junglefowl lineage at the base of the domestic/red junglefowl lineages. 144
Next, we investigated the extent to which other topologies are represented in the autosomal 145 genome using topology weighting by iterative sampling of sub-trees (Twisst) [22] based on 146 windows of 50 fixed SNPs [22] . To limit the number of topologies, the analysis was performed 147 twice using either the Red junglefowl or the Javanese red junglefowl along with the Grey, 148
Ceylon and Green junglefowls and the common Pheasant (outgroup). Twisst estimates the 149 relative frequency of occurrence (i.e. the weighting) of each of the 15 possible topologies for 150 these five taxa for each window and across the genome. 151
The most highly weighted topology genome-wide (T12), accounting for ~ 20% of the genome, 152
supports the autosomal species genome phylogeny: (((((Red or Javanese red junglefowl), (Grey 153 junglefowl, Ceylon junglefowl)), Green junglefowl), common Pheasant) ( Fig. 3) , while the 154 second highest topology (T9, ~ 18%) rather places the green junglefowl at the basal of the 155 monophyly Grey and Ceylon junglefowls: ((((Grey junglefowl, Ceylon junglefowl), Green 156 junglefowl), Red or Javanese red junglefowl), common Pheasant). There are also weightings 157 for other topologies. In particular, topologies 3 (2.9%), 10 (7.7%) and 15 (4.2%) show sister 158 relationships between the Red junglefowl and the Grey junglefowl; topologies 6 (2.2%) and 11 159 (6%) show sister relationships between the Ceylon junglefowl and the Red junglefowl and 160 topologies 1 (3.2%), 4 (3.1%) and 13 (9.7%) show sister relationships between the Green 161 junglefowl and the Red junglefowl. 162
The result of TreeMix shows similar trends in phylogenetic relationships (as above) but it 163
indicates multiple histories of admixture, namely from Red junglefowl to Grey junglefowl, 164 Ceylon junglefowl to Red junglefowl, and from the root of the monophyly Grey and Ceylon 165 junglefowls to Green junglefowl ( Supplementary Fig. S1B ), with the latter being consistent 166 with the observation on topology 9 in Fig. 3A . 167
Species divergence time from autosomal genome 168
To estimate the divergence time between lineages, we first inferred the average coalescence 169 times (CT) from the autosomes, which represents the sum of the accumulated divergence since 170 the split and the standing divergence among the average pair of individuals that was present in 171 the ancestral population at the time of the split. To estimate the split times, we subtracted the 172 estimated nucleotide diversity in each ancestral population from the CT (see materials and 173 methods for details). Among the junglefowls, the divergence times span a few million years. 174 Namely, ~ 1.1 MYA (Million Years Ago), between the Red and Javanese red junglefowls, ~ 175 1.7 MYA between the Ceylon and Grey junglefowls, 2.6 to 2.8 MYA between the 176
Red/Javanese Red and Grey/Ceylon junglefowls, ~ 4 MYA between Green and the other 177 junglefowls species, while the junglefowls and common Pheasant lineages diverge ~ 21 MYA 178 (see Table 1 for details of all the pairwise divergence calculations). These split times agree 179
with autosomal and Z chromosome species trees relationships (Fig. 2 ). Using the same 180 approach, we estimate 8,093 (CI: 7,014 -8,768) years for the accumulated divergence time 181
(domestication) between the domestic chicken and Red junglefowl (Table 1) . 182
Genome-wide tests for introgression between junglefowls and domestic chicken 183
Having established a general pattern for the evolutionary history and relations of the 184 junglefowls, we next assess the presence of shared alleles between the domestic chicken and 185 the junglefowl species. We used D-statistics [23, 24] to test for a genome-wide excess of shared 186 alleles between the domestic chicken and each of non-red junglefowl species, relative to the 187
Red junglefowl. D is significantly greater than zero with strong Z-scores in all three cases 188 ( local admixture proportion within a defined 100 kb windows size. This window size was 199 chosen because it is much greater than the expected size of tracts of shared ancestry from 200 incomplete lineage sorting (ILS) between these species. Given their estimated divergence time 201
and a recombination rate of 3 x 10 -8 , tracts of shared variation across the species that resulted 202 from ILS would be expected to be very small, on the order of ~ 8 bp (95% CI: 7 -10 bp) on 203 average (see methods). Next, we separated the domestic chicken into three groups based on 204 their geographic origin and in relation to the geographic location of the junglefowl species: (i) 205
Ethiopian and Saudi Arabian domestic chicken at the West of the Grey and wild Red 206 junglefowl geographic distributions (ii) Sri Lankan chicken inhabiting the same island as the 207
Ceylon junglefowl, and (iii) South-East and East Asian chickens, which include two breeds 208 (Kedu Hitam and Sumatra) from the Indonesian Islands, a geographic area where the Red and 209 the Green junglefowl are found, and Langshan, a breed sampled in the UK but originally from 210
China. 211
For introgression between domestic chicken and Grey junglefowl, we first selected the three 212 most extreme fd peaks that are consistent across all three domestic chicken groups for further 213 investigation ( Fig. 4) : a 26 Mb region on chromosome 1 at chromosomal position 141287737 214 -167334186 bp, a 9 Mb region on chromosome 2 at position 11022874 -19972089 bp, and a 215
2.8 Mb region on chromosome 4 at position 76429662 -79206200 bp ( Supplementary Table  216 S2A; Supplementary Fig. S2A -S4A ). Both the haplotype tree and network show nesting of 217 some Grey junglefowl haplotypes within the domestic chicken lineage, consistent with 218 introgression from domestic chicken/Red junglefowl into Grey junglefowl (Supplementary 219 Fig. S2 -S4 (B -C)). A result further supported by Twisst which indicates localised reductions 220
in the weighting of the species topology and increases in the weightings for both the topologies 221 (((Grey junglefowl, domestic), Red junglefowl), common Pheasant) and (((Grey junglefowl, 222 Red junglefowl), domestic), common Pheasant) ( Supplementary Fig. S2D -S4D ). 223
Furthermore, at the candidate introgressed region, dxy and Fst are reduced between domestic 224 chicken and Grey junglefowl, but not between domestic chicken and Red junglefowl 225
( Supplementary Fig. S2 -S4 (E -F)). These large tracts therefore show all the signals 226 expected of recent introgression from domestic chicken/Red junglefowl into the Grey 227 junglefowl. 228
Next, we investigated candidate introgression signals that are not consistent across the three 229 domestic chicken group comparisons, i.e. peaks present in one or two comparisons but absent 230
in the other(s). Eight candidate regions were randomly analysed and reported here 231
( Supplementary Table S2B ). These regions are characterised by fragment sizes ranging from 232 100 kb to 500 kb. Haplotype trees and networks reveal that, unlike the large tracts introgressed 233
into Grey junglefowl, these shorter tracts show some domestic chicken haplotypes (referred to 234 here as targetDom) nested within or close to the Grey junglefowl, indicating introgression from 235
Grey junglefowl into domestic chicken ( Fig. 5A ; Supplementary Fig. S5 -S11). Twisst results 236 indicate localised increases in the weighting for the topology (((Grey junglefowl, targetDom), 237
Red Junglefowl), common Pheasant) with proportions ranging from 61% to 80%, much higher 238 than the species topology (((Red junglefowl, targetDom), Grey junglefowl), common 239
Pheasant) ranging from 14% to 28%, and the other alternative topology (((Grey junglefowl, 240
Red junglefowl), targetDom), common Pheasant) ranging from 6% to 11%. These loci are also 241 characterised by reduced dxy and Fst values between Grey junglefowl and domestic chicken 242 and by increased dxy and Fst between Red junglefowl and domestic chicken ( Table S2B ). The introgression found on chromosome 5 was also 248 present in two European fancy chicken breeds (Poulet-de-Bresse and Mechelse-koekoe, 249 Supplementary Fig. S8 ). No Grey junglefowl introgression was observed in the Langshan 250 chicken. Across these eight regions, a single candidate for bidirectional introgression was 251 observed in the 100 kb region of chromosome 12, where a single Grey junglefowl haplotype 252 is nested within the domestic/Red junglefowl lineage ( Supplementary Fig. S11 ). 253 A smaller number of candidate regions are detectable in fd between domestic chicken and 254
Ceylon junglefowl ( Supplementary Fig. S12 ). In most of the candidate regions investigated, 255
haplotype trees and networks indicate unresolved relationships, whereas, some show 256 introgression from Grey rather than Ceylon junglefowl into domestic chicken. By further 257 analysing every peak in the plot, we identified four candidate introgressed regions from Ceylon 258 junglefowl into domestic chicken: three on chromosome 1, spanning 6.52 Mb, 3.95 Mb and 259 1.38 Mb; and one on chromosome 3, spanning 600 kb ( Supplementary Table S2B ). Both the 260 haplotype trees and networks show introgression of one haplotype into the two different 261 domestic chicken from Sri Lanka for the three candidate regions on chromosome 1 262 ( Supplementary Fig. S13 ), and two haplotypes into two Sri Lankan domestic chicken for the 263 chromosome 3 region ( Fig. 6B ; Supplementary Fig. S14 ). The 1.38 Mb region on chromosome 264 1 also shows introgression from domestic/Red junglefowl into Grey junglefowl 265 ( Supplementary Fig. S13C ). For the four introgressed regions, Twisst shows the highest 266 weighting for a topology grouping the target domestic samples with Ceylon junglefowl 267 ( Supplementary Fig. S13 ). Only one candidate region of 100 kb on chromosome 5 shows 268 evidence of introgression from domestic/Red junglefowl into Ceylon junglefowl, supported by 269 both the haplotype network and topology weightings ( Fig. 6C) . 270
There were several peaks of elevated fd between Green junglefowl and one or more groups of 271 domestic chicken ( Supplementary Fig. S15 ). However, both the haplotype tree and network 272 clearly support introgression only in a single case, from the Green junglefowl into domestic 273 chicken in a 100 kb region on chromosome 5 at position 9538700 -9638700 bp (Fig. 6D ). 274
Here, the Green junglefowl is introgressed into 10 of 16 Langshan domestic chicken haplotypes 275
( Supplementary Table S2B ). As for the candidate regions described above, this case is 276 supported by strong weighting for the topology grouping the target domestic samples with the 277
Green junglefowl, as well as reduced dXY and FST between domestic chicken and Green 278 junglefowl ( Supplementary Fig. S16 ). 279
Functional annotations for the enriched genes within the introgressed regions 280
We identified gene classes that are overrepresented in the regions affected by introgression 281 (Fisher's exact test, P < 0.05). These genes, their gene ontology (GO) terms, functions and 282
their P-values are catalogued in Supplementary Table S3 . The overrepresented GO terms 283 include some which are linked to the immune responses (e.g. 'Positive regulation of B cell 284 proliferation' for the domestic chicken introgression into Grey junglefowl) but also to the 285 regulation of gene expression (e.g. 'Double-stranded RNA binding' for the introgression of 286
Grey junglefowl to domestic chicken; 'Post-embryonic development and Alternative mRNA 287 splicing, via spliceosome' for the introgression of Ceylon junglefowl into domestic chicken). 288
Discussion 289
The Red junglefowl has long been known to be the ancestor of domestic chicken [2] [3] [4] . 290
However, one molecular study has shown the presence of an autosomal DNA fragment from 291 the Grey junglefowl in the genome of some domestic chicken [10], and Red junglefowl -292 domestic chicken mitochondrial DNA have been found in Grey junglefowl [8, 9] . Also, F1 293 crossbreeding of domestic birds with Green junglefowl is common [5] and captive breeding 294 experiments have reported, although at a very low rate, hatching of eggs and survival of chicks 295 from F1 female Grey x Red junglefowl birds backcrossed to male parental birds from each 296 species [6, 7] . These studies suggest that other species within the genus Gallus may have 297
contributed to the diversity of the domestic chicken gene pool. Here, we report for the first 298 time an analysis of the full genomes of the four wild junglefowl species to assess their level of 299 contribution to the domestic chicken. 300
We first established the species phylogeny of the genus Gallus. Both autosomes and Z 301 chromosomes places the Red/Javanese red junglefowl equally close to the Grey and Ceylon 302 junglefowls, which show a sister species relationship. Both also indicate that the Green 303 junglefowl lineage was the first to separate from the common ancestry of the genus. 304
Interestingly, the separation of the Javanese red junglefowl occurs at the root of other Red 305 junglefowl samples studied here, noting that the latter did not include any representative of G. 306 gallus murghi, the Red junglefowl subspecies with the largest geographic distribution on the 307
Indian subcontinent. The Gallus phylogeny (autosomal) supports a South-East Asian origin of 308 the genus, with a first speciation event separating the Green junglefowl lineage on the present-309 day Indonesian Islands, occurring ~ 4 MYA, at the time boundary between the Pliocene and 310 early Pleistocene. Then, a North and North-West dispersion of the continental Red junglefowl 311 ancestral population led to the separation, possibly on the Indian subcontinent, of the lineages 312 leading to the Grey and Ceylon junglefowls ~ 2.6 to 2.8 MYA. This was followed by the 313 speciation of Grey and Ceylon junglefowls ~ 1.7 MYA. The South-East Indonesian Islands 314 saw a second arrival of ancestral Red junglefowl ~ 1.1 MYA, which led to the separation of 315
the Javanese red junglefowl lineage. Using the same approach, we estimated that the 316 domestication of chicken from Red junglefowl likely occurred ~ 8,000 years ago (95% CI: 317 7,014 -8,768 years), earlier than the archaeological evidence (at least 4,000 BP) on the North 318 of the Indian subcontinent [26] but within the Neolithic time and in agreement with the dating 319 of the early chicken remains found from 16 Neolithic sites in China (6,000 BC) [27] . 320
The phylogeny of the genus Gallus reported here differ from some other studies [28] [29] [30] , which 321 are based on short fragments of the genome. In particular, we show here a sister relationship 322
between Grey and Ceylon junglefowls, rather than between Grey and Red junglefowls [28, 30] 323 or between Green and Red junglefowls [29] . A sister relationship between the Grey and Ceylon 324 junglefowls agrees with the today geographic distribution of these two species in South India 325
and Ceylon, respectively. Other studies also indicate more ancient divergence times between 326 the different Gallus lineages than the ones reported here (see TimeTree, www.timetree.org). 327
For example, the separation between Grey and Ceylon junglefowl ~ 1.7 MYA (CI: suggesting that introgression may have occurred in either direction between these species. The 431 autosomal estimated admixture proportion (f) between the domestic chicken and the Green 432 junglefowl is ~9%. It is ~7% for the Z chromosome ( latter is a gene involved in song learning in birds [46] . IPO7 which is introgressed from Green 467 junglefowl is involved in the innate immune system [47] . 468
In conclusion, our study reveals a polyphyletic origin of domestic chicken diversity with major 469 contributions from the Red junglefowl, but also introgression from the Grey, Ceylon and Green 470 junglefowls. These findings provide new insights into the domestication and evolutionary 471 history of the species. Considering the present geographic distributions of the non-red 472 junglefowl species and the dispersal history of domestic chickens, it is unsurprising that the 473 level of introgression amongst domestic populations varies from one geographic region to the 474 other as it will likely reflect their genetic histories. Similarly, analysis of more domestic 475
populations on a wider geographic scale may provide us with a detailed geographic map of the 476 presence and frequency of introgressed regions across the domestic chicken distribution. Our 477 results shed new light on the origin of the diversity of our most important agricultural livestock 478 species and illustrates the uniqueness of each local domestic chicken population across the 479 world. 480
Materials and Methods 481

Sampling and DNA extraction 482
Details of the 87 samples studied here and their geographic location of sampling distributions 483 are provided in Supplementary Table S1 . Blood samples were collected from the wing vein of 484 27 indigenous village domestic chickens from three countries (i.e. Ethiopia (n = 11), Saudi 485 Arabia (n = 5) and Sri Lanka (n = 11)) [9, 34, 48] , eight Chinese Langshan chicken sampled in 486 the United Kingdom, and 11 non-red junglefowl Gallus species (i.e. Grey (n = 2), Ceylon (n = 487 7) and Green (n = 2) junglefowls). Blood samples from five of the Ceylon junglefowls were 488 obtained from the wild in Uva province of Sri Lanka while the remaining two Ceylon 489 junglefowls blood were sampled from Koen Vanmechelen collection. The two common 490
Pheasants, Phasianus colchicus were sampled from the wild in the United Kingdom. Genomic 491 DNA was extracted following the standard phenol-chloroform extraction procedure method 492 the number of mismatching bases across all reads. To apply a base quality score recalibration 520 step to reduce the significance of any sequencing errors, we used a bootstrapping approach 521 across both the wild non-red junglefowls species and common Pheasants that has no known 522 sets of high-quality database SNPs. We applied same approach to the red junglefowl for 523 consistency. To do this, we ran an initial variant calling on individual unrecalibrated BAM files 524 and then extracted the variants with highest confidence based on the following criteria: --525 filterexpression "QD < 2.0 || FS > 60.0 || MQ < 40.0". We then fed this initial high-quality 526
SNPs as input for known set of database SNPs. Finally, we did a real round of SNPs calling on 527 the recalibrated data. We ran these steps in a loop for multiple times until we reach convergence 528 for each sample. 529
To improve the genotype likelihoods for all samples using standard hard filtering parameters, 530
we followed the multi-sample aggregation approach, which jointly genotypes variants by 531 merging records of all samples using the '-ERC GVCF' mode in 'HaplotypeCaller'. We first 532 called variants per sample to generate an intermediate genomic (gVCF) file. Joint genotype 533 was performed for each species separately using 'GenotypeGVCFs' and then subsequently 534 merged with BCFtools version 1.4 [54] . Variants were called using Hard filtering "--535 filterExpression "QD < 2.0 || FS > 60.0 || MQ < 40.0 || MQRankSum < -12.5 || 536
ReadPosRankSum < -8.0". All downstream analyses were restricted to the autosomes, the Z 537 chromosome and the mitochondrial DNA. 538
The percentage of the mapped reads and read pairs properly mapped to the same chromosome 539
were calculated using SAMtools "flagstat" version 1.4 [54] while the number of SNPs per 540 sample were identified using VCFtools "vcf-stats" version 0.1.14 [55] . Summary statistics for 541 read mapping and genotyping are provided in Supplementary Table S1 . 542
Population genetic structure 543
Principal component analysis was performed on the SNPs identified across the autosomes, 544
filtered with "--indep-pairwise 50 10 0.3", to visualise the genetic structure of the junglefowl 545 species using PLINK version 1.9 (http://pngu.mgh.harvard.edu/purcell/plink/) and was 546 complemented with analysis using ADMIXTURE version 1.3.0 [56], performed unsupervised 547 with default (folds = 5) for cross-validation in 5 runs with different number of clusters (K). 548
Species tree 549
To unravel the species tree of the genus, we constructed an autosomal Neigbour-Joining 550 phylogenetic tree using Phyml version 3.0 [57] and network using NeigborNet option of 551
SplitsTree version 4.14.6 (splitstree.org). First, the dataset was filtered to sites separated by at 552 least 1 kb and then converted to a phylip sequence file using scripts from 553 https://github.com/simonhmartin. We also constructed maximum likelihood tree on the exon 554 variants. This was done by first annotating the entire whole-genome vcf file with SnpEff and 555 then extracted different variants effect within the exons using SnpSift [58] . As with the above, 556
all trees including the Z chromosome were based on polymorphic sites but not for the mtDNA 557 (i.e. all consensus sequences were used). All trees were plotted using the General Time 558
Reversible (GTR) model of nucleotides substitution following its prediction by jModeltest 559 2.1.7 [59] and then viewed in MEGA 7.0 [60] . 560
After phasing all the autosomal SNPs using SHAPEIT[61], we next performed "Topology 561
Weighting by Iterative Sampling of Sub-Trees" (Twisst) [22] which summarized the 562 relationships among multiple samples in a tree by providing a weighting for each possible sub-563 tree topology. Neighbour-joining trees were generated for fixed 50-SNP windows using Phyml 564 3.0 [57]. Topologies were plotted in R using the package "APE" version 5.1 [62] . We ran the 565 TreeMix [63] in a block size of 1000 SNPs per window after having filtered the vcf file with 566 "maf 0.01" using PLINK version 1.9 (http://pngu.mgh.harvard.edu/purcell/plink/). 567
Species divergence time 568
To estimate the divergence time between the junglefowl species as well as with the common 569
Pheasant, we first estimated the approximate coalescence time, which include the divergence 570 that has accumulated from the present to the period of split and the divergence among the 571 average pair of individuals that was present in the ancestral population at the time of split, 572 using the equation: 573
where K is the average sequence divergence for pairwise species. We included both the variant 575
and non-variant sites in the analysis of K which was run in every 100 kb region of the genome 576 with 20 kb step size. r is the Galliformes nucleotide substitution rate per site per year 1.3 (1.2 577 -1.5) x 10 -9 [65], T is the time in year. 578
Assuming the average diversity (π) across the descendant of junglefowl species is similar to 579 the diversity present in their ancestral population before each split, we estimated the divergence 580 time as below: 581 T = (K -π)/2r 582 Using the commonest species topology, the average π = (πPheasant + (πGreen + ((πGrey + πCeylon)/2 583 + (πJavanese Red + πRed)/2)/2)/2 584 Estimating tract lengths for shared haplotypes under incomplete lineage sorting 585
Using the approach of Huerta-Sánchez et al [66] , we estimated the likely length of shared 586 haplotypes across the genome following incomplete ancestral lineage sorting. This was done 587
with the equation 588
where L is expected length of a shared ancestral sequence, r is recombination rate per 590 generation per bp (3 x 10 -8 for chicken on the autosomes) [67] and t is the expected divergence 591 time across the junglefowls (~ 4 MYA), assuming one year generation time. 592
Detecting introgression 593
First, we computed D-statistics [23, 24] to test for a genome-wide excess of shared derived 594 allele(s) between two in-groups using the outgroup as representative of the ancestral state. 595
Considering the three in-groups, P1 (Red junglefowl), P2 (domestic chicken) and P3 (Grey or 596
Ceylon or Green junglefowls), and an out-group O (common Pheasant), the expected 597 phylogeny is (((P1, P2) , P3), O). ABBA denotes sites where the derived allele 'B' is shared 598 between the domestic chicken 'P2 ' and the Grey or Ceylon or Green junglefowls 'P3 ' , while 599
the Red junglefowl ' P1 ' shares the ancestral allele 'A' with the common Pheasant 'O ' . BABA 600 denotes sites where the Red junglefowl 'P1 ' shares the derived allele ' B ' with ' P3 ' while the 601 domestic chicken 'P2 ' shares the same ancestral state with the outgroup ' O ' . The majority of 602 ABBA and BABA patterns are due to incomplete lineage sorting but an excess of one over the 603 other can be indicative of introgression [23] [24] [25] . D is the relative excess computed as the 604 difference in the number of ABBA and BABA sites divided by the total number of ABBA and 605 BABA sites. Under the assumption of no gene flow and a neutral coalescent model, count of 606 both ABBA and BABA should be similar and D should tend to zero. We used the approach of 607 Durand et .al [24] to compute ABBA and BABA counts from allele frequencies, in which each 608 SNP contributes to the counts even if it is not fixed. We used the jackknife approach, with a 609 block size of 1 Mb to test for a significant deviation of D from zero (i.e consistent with 610 introgression), using a minimum Z score of 4 as significant. We then estimated the proportion 611
of admixture, f [23, 24] 612
Identifying introgression at particular loci and inferring the direction of introgression 613
To identify specific regions showing introgression between the domestic chicken and the non-614 red junglefowl species, we used a combination of analyses. First, we estimated fd [25] , which 615
is based on the four-taxon ABBA-BABA statistics and was designed to detect and quantify 616 bidirectional introgression at particular loci [25] , fd was computed in 100 kb windows with a 617 20 kb step size. Each window was required to contains a minimum of 100 SNPs. The strongest 618 candidate regions of introgression (highest elevated fd values) were visually assessed to 619 determine the introgression size. We avoided the use of extreme tail end or cut-off approach to 620 prevent losing out peaks harbouring introgression into domestic chicken as the majority of 621 candidate introgression signals supports introgression from domestic chicken into Grey 622 junglefowl. These fd regions were then extracted and further investigated using Twisst [22] to 623 test for a deviation in topology weightings in the candidate regions. Here, we used only four 624 taxa: domestic chicken, Red junglefowl, common Pheasant, and either the Grey, Ceylon or 625
Green junglefowl. 626
Next, we constructed haplotype-based gene trees and networks to make inferences about the 627 direction of gene flow. The expectation is that introgressed regions in domestic chicken from 628 any of the non-red junglefowls will be indicated by finding chicken haplotypes nested within 629 the donor species, or with the donor species haplotypes at the root of the introgressed ones. For 630 regions in non-red junglefowls that are introgressed from domestic chicken, the expectation is 631 that the introgressed haplotypes will be nested within the domestic chicken clade. Finally, we examined levels of divergence between species to further validate our candidate 642 regions. Introgression between domestic chicken and either the Grey, Ceylon or Green 643 junglefowls is expected to reduce genetic divergence between the two species, regardless of 644 the direction of introgression. Introgression into domestic chicken is expected to also increase 645 divergence between domestic chicken and Red junglefowl, whereas introgression from 646 domestic chicken into the Grey, Ceylon or Green junglefowl should not affect divergence 647 between domestic chicken and Red junglefowl. We therefore computed relative (FST) and 648 absolute (dXY) measures of divergence between pairs using the script popgenWindows.py 649 available at https://github.com/simonhmartin/genomics_general. 650
Remapping of candidate introgressed regions to GRCg6a 651
Following the recent release of new reference genome (GRCg6a), all candidate introgressed 652 regions obtained from Galgal 5.0 were remapped using the NCBI remapper tool. All 653 remapping options were set to the default threshold. The GRCg6a coordinates for the candidate 654
introgressed regions and genes are reported here throughout the manuscript. 655
Gene ontology analysis 656
All candidate genes within the introgressed regions for different pairwise comparison and in 657 different introgressed directions were used to determine their biological cluster functions using 658 DAVID version 6.8 (https://david.ncifcrf.gov/summary.jsp). Only gene ontology with Fisher 659 exact P < 0.05 default threshold were retained in this study. 660 Tables  883   884  885 886 Fig. 1: (A . 3 . Topology weighting by iterative sampling of sub-trees (Twisst) for all the (A) 15 911 possible topologies (T1 -T15) from five taxa: Red junglefowl 'or' Javanese red junglefowl 912 (RoJ), Grey junglefowl (Gy), Ceylon junglefowl (Cy), Green junglefowl (Gn) and Common 913 Pheasant (CP). As the number of possible topologies work best for maximum of five taxa 914 (Martin & Van Belleghem, 2017) and with the presence of six taxa in this study, we ran the 915 analysis twice; one with (B) Red junglefowl (R) 'or' with (C) Javanese Red junglefowl (J).
Figures and
916
(see materials and methods for detail on how this was done). The average weighting (%) for 917 each of the 15 topologies is included in each bar and as well indicated on the Y axis. The candidate introgressed regions reported here and their sizes are indicated above each 924 peak (see also Supplementary Table S2 ). Bold values are introgressed regions from domestic 925 chicken/Red junglefowl into Grey junglefowl, plain values are introgressed regions from 926
Grey junglefowl into domestic chicken. Y axis: fd value spanning 0 to 1, X axis: autosomal 927 chromosomes numbers from 1 -28. See Supplementary figures S12 and S15 for the domestic 928 -Ceylon comparison and domestic -Green junglefowl comparison, respectively. 929 930 
